Earlier, we have shown the occurrence of oxidative impairments and their progression in the testis of diabetic adult rats. This study investigated the vulnerability of immature testis to oxidative stress and mitochondrial dysfunctions in a prepubertal (PP) diabetic rat model. PP male rats (4/6-weekold) rendered diabetic by an acute dose of streptozotocin were monitored for induction of oxidative stress in testis cytosol/mitochondria. Diabetic rats of both age groups showed severe hyperglycemia, testicular atrophy and marked oxidative damage as evidenced by enhanced generation of reactive oxygen species, hydroperoxide and malondialdehyde levels (4 week46 week). Mitochondrial dysfunctions manifested as reduction in the activities of aldehyde dehydrogenase, tricarboxylic acid cycle enzymes, enhanced activities of oxidative phosphorylation enzymes, perturbations in calcium homeostasis and membrane potential. These evidences suggest that an immature testis is vulnerable to oxidative stress under diabetes, which may play a significant role in the development of testicular degeneration, leading to impaired fertility in adulthood.
Introduction
Diabetes mellitus is becoming a significant healthcare concern worldwide. This metabolic disorder is characterized by insulin resistance and physiological/ biochemical malfunctioning of different metabolic pathways associated with carbohydrate metabolism resulting in increased endogenous glucose output. 1 The increased blood glucose level during early stages of diabetes becomes a chief source of free radicals in the chronic stage damaging secondary target organs such as the eye, heart, kidney, testis and nervous system. 2 Type II diabetes, the most prevalent form reported earlier only in adults, is now becoming increasingly prevalent among children/adolescents between 8 and 30 years of age. 3, 4 Animal models with spontaneous and chemically induced diabetes have been employed to obtain basic insights into the adverse effects of diabetes on human male reproductive dysfunctions. In experimental animals, alloxan and streptozotocin (STZ) are widely employed to induce insulin deficiencies and reproductive dysfunctions. 5 Earlier studies have shown various testicular pathologies such as thickening of seminiferous tubules, germ cell depletion, Sertoli cell vacuolization and reduced testicular/ semen volume along with diminished testosterone levels among STZ-diabetic rats. 6, 7 However, the pathophysiological mechanisms or testicular dysfunctions in immature rodents are largely unknown.
Male infertility is an unavoidable consequence of overt diabetes and the nature of pathobiochemical changes associated during chronic stages is currently receiving wide attention. 8 Epidemiological evidences emphasize that oxidative stress plays an important role in the etiology of male infertility. 9 Our recent findings in STZ-diabetic adult rodent models have shown the occurrence of oxidative stress in the testis during acute phase and its progression. 10, 11 However, to the best of our knowledge, no data exist on the vulnerability of an immature (prepubertal) testis to oxidative stress under experimentally induced diabetes. Owing to the phenomenal increase in the incidence of diabetes among children/adolescent males, comprehensive studies are warranted to understand the nature/ extent of oxidative impairments and associated biochemical dysfunctions in immature testis. Such an understanding may also facilitate the development of testis-specific therapeutic strategies. A developing testis is far more different both biochemically and functionally from that of the adult in terms of cell types, expression of receptors, testosterone levels and protective antioxidant machinery. 12, 13 Further, the cell types in the testis are shown to undergo extensive morphological/biochemical changes during development, and are particularly susceptible to oxidative stress. 14, 15 On the basis of our earlier findings, we hypothesize that during prepubertal (PP) age, the testis is likely to be highly vulnerable to diabetes-associated oxidative stress, and this may represent a potential mechanism responsible for impaired testicular function/infertility. The hypothesis was tested by monitoring the pattern of oxidative stress induction, response of antioxidant machinery and mitochondrial dysfunctions in the testis of PP rats (4-and 6-week-old) rendered diabetic by an acute dose of STZ. Our results showed that the testis of 4-week-old PP rats was relatively more prone to diabetesassociated testicular dysfunctions, as evidenced by increased incidence of atrophy, higher degree of oxidative perturbations and mitochondrial dysfunctions, compared with the testis of 6-week-old PP rats.
Materials and methods
All studies were approved by the Institutional Animal Care and Ethics Committee. Male PP rats (CFT-Wistar strain: 4-week-old, 55 ± 5 g; 6-week-old, 110 ± 5 g) were randomly drawn from the 'Institute Animal House Facility' and were fed commercial diet ad libitum, with free access to tap water throughout the study. Experimental animals of both age groups (n ¼ 6) were randomly assigned to 'control' and 'STZ' groups. Rats were rendered diabetic by single intraperitoneal injection of STZ (M/s Sigma Chemicals, St Louis, MO, USA; 90 mg kg -1 body weight in 0.1 M citrate buffer, pH 4.5). Age-matched rats, which received an equal volume of vehicle, served as the controls. Food intake was monitored daily and body weights were recorded every alternate day and terminally. Animals were killed on day 15 under light ether anesthesia. Serum glucose, total cholesterol and triglycerides were measured using commercially available kits (M/s Aspen laboratories, New Delhi, India). The testis were excised, washed with ice-cold saline and processed for biochemical investigations. Testis mitochondria were isolated by differential centrifugation at 4 1C. Briefly, a 10% homogenate was prepared in ice-cold buffer B (2 mM Tris-HCl, pH 7.4, 0.25 M sucrose) and centrifuged at 600 Â g for 10 min. The supernatant was further subjected to centrifugation at 10 000 Â g for 20 min to obtain the mitochondrial pellet and crude cytosol. The pellet was washed and suspended in buffer A (200 mM mannitol, 70 mM sucrose, 0.1 mM EDTA, 10 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid, pH 7.4). 16 Measurement of oxidative stress markers Oxidative stress markers were quantified in both testis cytosol and mitochondria as described earlier from our laboratory. 10, 11 For determination of reactive oxygen species, testis cytosol/mitochondrial protein (0.2 mg) suspended in Locke's solution was incubated with dihydrodichlorofluorescein diacetate (5 mM) for 30 min at room temperature. The fluorescence intensity measured at excitation (488 nm) and emission wavelengths (530 nm) were quantified from a dichlorofluorescein standard curve. 17 Hydroperoxides were measured using a FOX-1 reagent and the absorbance was read at 560 nm (molar extinction coefficient (MEC)
). 18 The extent of lipid peroxidation was measured using thiobarbituric acid (0.8%w/v) and quantified as malondialdehyde equivalents using 1,1,3,3-tetramethoxy propane as the standard. 19 Nitric oxide (NO) levels were estimated using Griess reagent as per the specifications (M/s Sigma Chemicals) and protein carbonyls described earlier. 20 Effect on testicular antioxidant defenses and functional enzymes Reduced glutathione content was assayed in both testis cytosol and mitochondria fluorimetrically. 21 Total thiol and non-protein thiol levels were determined using dithio-bis-nitrobenzoic acid. 22 Tissue ascorbate levels were estimated using the 2,4-dinitrophenylhydrazine method. 23 Catalase activity was assayed by the method of Aebi and expressed as mmol of H 2 O 2 consumed per min per mg protein (MEC ¼ 44.1 mM -1 cm -1 ). 24 Superoxide dismutase activity was measured by monitoring the inhibition of quercetin autoxidation. 25 The activity of glutathione peroxidase was determined using t-butyl hydroperoxide as the substrate and expressed as nmol of NADPH oxidized per min per mg protein (MEC ¼ 6. ). 26 Glutathione-s-transferase activity was measured by monitoring the rate of enzyme-catalyzed conjugation of reduced glutathione with 1-chloro-2,4-dinitrobenzene, and expressed as nmol of conjugate formed per min per mg protein (MEC ¼ 9.6 mM -1 cm -1
). 27 Glutathione reductase activity was measured using the NADPH-coupled assay. 28 The activities of aldehyde dehydrogenase, 29 sorbitol dehydrogenase, 30 lactate dehydrogenase 31 Diabetes-induced testicular oxidative stress KN Chandrashekar and Muralidhara and thioredoxin reductase were determined as described earlier. 32 The activity of 3b-hydroxy steroid dehydrogenase was determined in testis cytosol by measuring the rate of conversion of pregnenolone into progesterone and the subsequent reduction of nitroblue tetrazolium chloride. 33 
Mitochondrial dysfunctions
Activities of citrate synthase, 34 succinate dehydrogenase, 35 NADH-cytochrome C reductase (complex I-III) and succinate-cytochrome C reductase (complex II-III) were determined as per the earlier methods described. 36, 37 Mitochondrial membrane potential. Mitochondrial uptake of Rh123 was determined as described earlier. 38 Briefly, mitochondrial protein (50 mg) was added to 0.1 M phosphate buffered saline (pH 7.4) containing Rh123 (1.5 mM ml -1 ) and incubated at 37 1C for 30 min. After a brief centrifugation, the fluorescence intensity of the supernatant was measured at excitation and emission wavelengths of 490 and 520 nm, respectively.
Mitochondrial permeability transition pore opening. Briefly, mitochondrial protein (250 mg) was suspended in 0.1 M Tris buffer (pH 7.4) containing 200 mM mannitol, 71 mM sucrose, 5 mM succinate, 5 mM rotenone and 5 mM KH 2 PO 4 . The change in absorbance was monitored immediately after the addition of calcium chloride (100 mM) at 540 nm. 39 Intracellular calcium ion levels. Briefly, an aliquot of cytosol was added to 0.1 M Tris buffer (pH 7.8) containing Fura-AM (10 mM/ ml -1 ) and incubated at 37 1C for 30 min. The fluorescence was measured at an excitation wavelength of 355 nm and emission wavelength at 495 nm. 40 Determination of protein. Protein concentrations of the testis cytosol and mitochondria were determined by the standard method described earlier. 41 
Statistical analysis
Data on oxidative stress parameters and mitochondrial functions were analyzed using Student's t-test, and a P value o0.05 was set as the minimum level of significance.
Results
Body weight and testis weights. A general decrease in body weight gain was evident as a result of diabetes induction among rats of both age groups. The weight gain was less among 4-week-old PP diabetic rats (9 g vs control 49 g) compared with 6-week-old PP diabetic rats (30 g vs control 45 g) (data not shown). Analysis of the body weight/testis ratio showed a robust reduction in the testis size among 4-week-old PP rats (39%) compared with 6-week-old PP rats (16%) ( Table 1) .
Effect on blood glucose and lipid parameters. A marked elevation in blood glucose levels was evident among 4-week-old PP diabetic rats (345%) compared with 6-week-old PP rats (240%). Analysis of serum lipids showed a significant reduction in the levels of triglycerides (4-week, 47%; 6-week, 71%) and cholesterol (4-week, 24%; 6-week, 50%) among diabetic rats (Table 1) .
Status of oxidative stress markers. A distinct differential oxidative induction response was discernable in the testis of rats of both diabetic groups, and oxidative stress response was more pronounced in cytoplasm than that in the mitochondria. Although the degree of induction was more robust in the testis cytosol of 4-week-old PP rats (reactive oxygen species, 114%; hydroperoxides (HP), 44%; and malondialdehyde, 296%), the response was less pronounced among 6-week-old PP diabetic rats (reactive oxygen species, 89; HP, 46; and malondialdehyde, 91%). However, the mitochondrial oxidative response was similar in the testis among both (Figures 1a-c) .
Further, induction of diabetes resulted in enhanced NO levels in the cytosol among both age groups (increase over control: 4-week, 108%; 6-week, 193%), whereas the elevation was less robust in mitochondria (data not shown).
Perturbations in antioxidant defenses. Induction of diabetes caused significant perturbations in the activities of testicular antioxidant enzyme activities among both age groups ( Table 2 ). The activity of superoxide dismutase (SOD) was elevated in 4-week-old PP diabetic rats (cytosol, 27%; mitochondria, 56%), whereas the activity was less affected in 6-week-old PP rats. The activity of glutathione peroxidase was relatively less affected in testis cytosol of both age groups, whereas a significant decrease (40%) was observed in the mitochondria of only 6-week-old PP rats. Further, the activity of catalase was marginally elevated in the cytosol of 4-week-old PP rats, whereas a decrease (31%) was evident in 6-week-old PP rats. The activities of thioredoxin reductase (15-25%) and glutathione reductase (25-57%) were found significantly decreased among both age groups of diabetic rats. However, the activity of glutathiones-transferase was found elevated in both cytosol and mitochondria of diabetic testis (15-45%) among both age groups. Induction of diabetes resulted in significant alterations in GSH levels and thiol levels (Table 3) . Although the levels of GSH were increased only in the mitochondrial compartment (52, 20%), the cytosolic form remained less affected. In addition, Diabetes-induced testicular oxidative stress KN Chandrashekar and Muralidhara irrespective of the age group, the levels of nonprotein thiols were elevated in the testis among both age groups. It is interesting that tissue ascorbate levels were markedly elevated (50%) among 4-weekold PP diabetic rat, whereas it was significantly reduced (20%) in 6-week diabetic rats. However, total thiols in testis were found marginally decreased in both diabetic groups. Further, induction of diabetes resulted in enhanced levels of protein carbonyls in both cytosol and mitochondria of 4-week-old PP diabetic rats (33, 21%), whereas the levels were found less affected in 6-week-old diabetic rats. In general, the testis of diabetic rats, irrespective of the age, showed significant decrease in the activities of sorbitol dehydrogenase (54,32%), lactate dehydrogenase (29,22%) and glucose-6-phosphate dehydrogenase (28%). Significant reduction (25%) in the activity of 3b-hydroxy steroid dehydrogenase was also evident among both age groups (Table 4) .
Alterations in testicular mitochondrial enzyme activities and membrane integrity. Marked decrease in the activities of aldehyde dehydrogenase (76%), citrate synthase (36%) and succinate dehydrogenase (47%) were evident in the testicular mitochondria of 4-week-old PP rats compared with 6-week-old PP rats, suggesting an increased formation of toxic aldehydes and disturbances in tricarboxylic acid cycle (Table 4) . Further, a differential response was observed in the activities of electron transport chain enzymes. Although the activities Diabetes-induced testicular oxidative stress KN Chandrashekar and Muralidhara of NADH-Cyt C reductase and succinate-Cyt C reductase were significantly elevated (69%) in 4-week-old PP rats, the activities were less robust among 6-week-old PP rats (Table 5 ). Significant disturbances in mitochondrial membrane integrity were evident in the testis of diabetic rats as ascertained by increased swelling rate of mitochondria, loss in membrane potential and increase in intracellular calcium ions. Testis mitochondria of 6-week-old PP rats were found extremely susceptible to mitochondrial permeability transition inducers (Ca 2 þ , 100 mM) compared with 4-week-old PP rats. (Figures 2a-c) .
Discussion
Despite the increased incidence of diabetes among children/adolescent males, our understanding on the biochemical consequences of diabetes for the developing testis is very limited. This assumes greater relevance as testicular dysfunction/s during developmental stage can have profound implications on adult testicular physiology/function. Accordingly, this study focused on the vulnerability of immature testis to oxidative stress in the diabetic state in PP rats of two age groups. Although classification of experimental animals based on age is practically difficult, the age range from 28 to 42 days postnatal has been conservatively classified as adolescence. 42 Induction of diabetes resulted in significant reduction in testicular weights among both age groups, the degree being relatively higher among 4-week-old PP rats. This increased susceptibility could be related to the age and disturbances in the pituitary-gonadal axis. Further, robust hyperglycemic response was discernible among PP rats of both age groups, clearly suggesting extensive pancreatic b cell death after STZ treatment. Although earlier evidences indicate hypertriglyceridemia and hypercholesterolemia during overt diabetes among experimental animals, 43 we found significant reduction in serum triglyceride/cholesterol levels among PP diabetic rats, which is likely to be because of one or several interdependent factors, such as oxidative loss of membrane lipids, decreased lipid biosynthesis and/or poor nutritional status.
In the current study, STZ treatment caused enhanced oxidative stress in the testis (cytosol/ mitochondria) of PP rats, which is consistent with our earlier findings in adult rat testis. 10 In the PP model, elevated levels of SOD, catalase and Table 5 Alterations in the activities of the testis mitochondrial enzymes of prepubertal rats rendered diabetic by an acute dose of streptozotocin Diabetes-induced testicular oxidative stress KN Chandrashekar and Muralidhara glutathione-s-transferase activities in testis cytosol/ mitochondria of 4-week-old PP rats (compared with 6-week-old rats) suggest adaptive responses elicited by the organ to counteract toxic metabolites. In contrast, the testis of 6-week-old PP rats showed considerable reduction in catalase activity, besides unaltered SOD activity, implicating differential regulations. It is interesting that, diabetic rats also showed elevated NO levels in testis, suggesting its role in the formation of peroxynitrite and activation of caspase-mediated cell death pathways. 44, 45 Tissue sulfhydryls and ascorbate are major cellular antioxidants, whose diminished levels serve as good indicators of the ongoing oxidative stress. In the PP model, both GSH and non-protein thiol levels were uniformly elevated in mitochondria, whereas a differential response was evident with tissue ascorbic acid status. Testis ascorbate levels were found elevated among 4-week-old PP rats, whereas a marginal decrease was evident in 6-week-old PP rats, clearly suggesting regulatory differences with age. 46 As enhanced ascorbate levels effectively recycle GSH/vitamin E, these perturbations may represent an early adaptive response in the developing testis against oxidative stress.
Induction of diabetes caused functional inactivation of testicular enzymes such as sorbitol dehydrogenase, which may be because of high levels of circulating glucose and/or because of the excess accumulation of sorbitol in the tissues. 47 Further, a decrease in the activity of G6PDH as observed in this study becomes a limiting factor for GSH recycling and various NADPH-dependent metabolic reactions including steroidogenesis. This explains the observed decrease in the activity of 3b-hydroxy steroid dehydrogenase, which reflects an impaired androgen biosynthesis during overt diabetes. Further, the potential contribution of stress-activated NO in regulating steroidogenesis cannot be overruled. 48 Elevation in LDH activity in the cytosol also unequivocally suggests an extensive seminiferous epithelial membrane damage and impaired spermiogenesis. 49 Earlier evidences indicate a strong correlation between diabetes and mitochondrial dysfunctions/ activation of cell death pathways. 50 Unlike other organs, testicular energy requirement is dynamic, with considerable changes occurring in mitochondrial enzyme activities during development. As free radicals can potentially damage the mitochondrial integrity, it is logical to speculate that the activities of tricarboxylic acid and electron transport enzymes would be impaired during diabetes. 51 In the present model, a reduction in the activities of citrate synthase and succinate dehydrogenase suggests lowered efficiency of the cycle by possible shunting of glycolytic intermediates to other pathways. In addition, inhibition of aldehyde dehydrogenase emphasizes the possible role of stress-activated NO in aggravating the diabetes-associated complications. 52 A developing rat testis has growing energy demands for cellular growth and differentiation compared with adults as substantiated by the higher basal activity levels of electron transport chain enzymes among control rats. Induction of diabetes enhanced the activities of complex I-III and II-III among rats of both age groups. The higher degree of induction in 4-week-old PP testis suggests a relatively higher demand for cellular free energy Diabetes-induced testicular oxidative stress KN Chandrashekar and Muralidhara compared with 6-week-old PP rats. Alteration in membrane permeability is generally considered as a critical event in the induction of apoptotic/necrotic cell death. In this study, a loss in mitochondrial membrane potential together with mitochondrial permeability transition pore opening among diabetic rats clearly suggests membrane leakage and germinal cell death (apoptotic?). 53 In conclusion, using a PP diabetic model, we have presented significant evidences in favor of our hypothesis that experimentally induced diabetes causes elevated oxidative stress and mitochondrial dysfunctions in the developing testis. Further, experimental evidences of this nature are highly warranted owing to the recent epidemiological findings describing the increased incidence of diabetes among children/adolescent males. As a casual relationship exists between oxidative stress and male infertility, chronic testicular oxidative stress associated with diabetes beginning from PP/ pubertal period (as observed in this study) is likely to affect seriously the functional implications during adulthood.
